A microphysical cloud model is employed to study the ice nucleation processes generating the extremely thin (~10 m) cirrus cloud observed by the Airborne Tropical Tropopause Experiment in the Tropical Tropopause Layer. This cirrus is unique in its high concentration (10 4 L −1
Introduction
Understanding the process of cirrus formation in the Tropical Tropopause Layer (TTL) is important because TTL cirrus plays an important role in regulating the amount of water entering the stratosphere (Holton and Gettelman 2001) , while the modulation of stratospheric water vapor contributes to decadal changes in global surface temperature (Solomon et al. 2010) . Intensive discussions have focused on comparing the ice concentrations measured by aircraft observations with those simulated by cloud microphysical models (e.g., Jensen and Pfister 2004; Jensen et al. 2010 Jensen et al. , 2012 Spichtinger and Krämer 2013) and trying to derive parameterizations for use in general circulation models (e.g., Lohman 2002a, b, hereafter KL2002; Barahona and Nenes 2008; Spichtinger and Gierens 2009) . However, the detailed cloud physical processes in the TTL are not fully understood. A thin TTL cirrus layer (~10 m) with high concentrations of ice particles (~10 4 L −1
) was reported at an altitude of 16.5 km with pressure, temperature, potential temperature, and water vapor mixing ratio of 101 hPa, 191 K, 368 K and 6 ppmv, respectively, during the Airborne Tropical Tropopause Experiment (ATTREX) 2011 aircraft campaign (Jensen et al. 2013 ). This layer is unique in its thin structure and high concentration of small ice particles. Since 10 4 L −1 would be an implausible concentration of heterogeneous ice nuclei, such a high value makes it possible to assume that the ice particles form by homogeneous nucleation. In addition, the small size of the ice particles (a few μm in diameter) in the thin 10-m layer suggests that the particles were observed a moment after nucleation, implying that the effects of sedimentation, mixing, and diffusion are negligible. This is an advantage when investigating the formation processes. Before considering the well-accepted log-normal size distribution in atmospheric aerosols, we try to identify the cooling rate required to produce such specific cirrus, assuming monodisperse aerosols as a starting point. Discussion of the interaction of coexisting aerosols of varying size is left for future studies. In the present study, a series of parameter sweep experiments, similar to those of KL2002, are conducted with the aid of a cloud microphysical model assuming homogeneous ice nucleation.
The remainder of this manuscript is organized as follows. In Section 2, we describe the microphysical model in detail, showing time series of microphysical quantities for a simulation that leads to the maximum ice concentration of 10 4 L −1
. The possible contribution from heterogeneous nucleation is not considered. In Section 3, the maximum ice concentrations are estimated as functions of cooling rate, aerosol particle size, initial water vapor mixing ratio, and accommodation coefficient by conducting a series of parameter sweep experiments. The dynamical conditions necessary for the formation of TTL cirrus with an ice concentration of 10 4 L −1 are discussed in Section 4. The possible effect of coexisting aerosol particles with different sizes is also briefly discussed in Section 4, and the conclusions follow in Section 5.
Method
The model used in the present study was developed at Nagoya University (Maruwaka 2009; Sakurai and Shibata 2012) following Jensen and Pfister (2004) . Temperature, pressure, water vapor mixing ratio, number concentration, and particle size of liquid aerosol are set in a fixed volume of air mass as initial conditions. Depositional growth following ice nucleation in the air mass is simulated in a Lagrangian fashion; i.e., the time evolution of ice particles is traced individually. In the calculation the volume of the air mass is set to 1 L. If the maximum number of ice particles obtained is less than 10 4 , the calculation is repeated by taking a larger volume of air so that the number of ice particles is of the order of 10 4 to ensure statistical significance. The volume of the air mass thus determined ranges from 1 to ~10 4 L. As the TTL cirrus is typically formed by adiabatic cooling with isentropic advection (Holton and Gettelman 2001) , our simulations are carried out under conservation of potential temperature. Ice nucleation is calculated by using homogeneous nucleation as parameterized by Koop et al. (2000) . All ice particles are assumed to be spherical and sedimentation is neglected. The number concentration of aerosols, which are assumed to be monodisperse, is set to 10 5 L −1
by referring to measurements in the upper tropical troposphere (Brock et al. 1995; Borrmann et al. 2010 ). This value is large enough to permit the study of the formation of ice particles with concentration of 10 4 L −1 (Kay and Wood 2008) . Figure 1 shows time series of relative humidity over ice (RH i ), air pressure and temperature, water vapor mixing ratio, mean radius of nucleated ice particles (R ice ), and ice concentration associated with a case of cirrus formation with a maximum ice (Jensen et al. 2013) . We sweep these parameters in the ranges 0.1−100 K h −1 , 1−100 ppmv, 0.01−10 μm, and 0.2−1.0 (Skrotzki et al. 2013) , respectively, to determine the cloud microphysical conditions necessary for the formation of TTL cirrus with ice concentration of 10 4 L −1
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.
Results
We show the results of model simulations of N ice max ( − Ṫ, χ 0 , r, α d ) in two cross-sections for the case of isentropic advection at 365 K (approximately 15.5−16.9 km in the tropics) referring to the narrow high ice-concentration layer from ATTREX observations. Figure 2 shows the distribution of N ice max ( − Ṫ, χ 0 , 0.01 μm, 0.3). We can see that N ice max is an increasing function of cooling rate. This feature, consistent with the results of past modeling studies (KL2002; Hoyle et al. 2005; Jensen et al. 2010) , is explained by the strong temperature dependency of the nucleation rate coefficient introduced by Koop et al. (2000) . As the cooling rate becomes larger, RH i increases more rapidly and the nucleation rate coefficient increases. Since the nucleation ceases as the vapor depletion by growth of already-nucleated particles overwhelms the increasing supersaturation driven by cooling, the increase in the cooling rate will have another secondary effect, that is, the suppression of the increase in N ice max . This is because the increase in the cooling rate will increase the decreasing rate of saturation vapor pressure, increase the rate of water vapor uptake due to the fast growth of existing ice particles, and slow down the rate of new particle formation. It is interesting that this second effect becomes evident as the aerosol particles become large. The dependency of N ice max on aerosol size will be discussed later by referring to Fig. 3 . On the other hand, N ice max is a decreasing function of χ 0 . This may be explained as follows. With a fixed cooling rate, the rate of depositional growth of ice particles is high when χ 0 is large. This leads to the rapid uptake of water vapor by existing ice particles, preventing the increase in RH i . As a result, the nucleation of successive ice particles is suppressed. This behavior of N ice max is equivalent to the frost point dependency discussed by KL2002. . During this period, R ice (dashed green) remains constant at ~0.1 μm as the growth of nucleated particles is compensated for by the successive nucleation of small ice particles. The increase in R ice resumes as the nucleation of new particles ceases and the number concentration of ice particles (red) reaches maximum. It is interesting to see that the decreases in water vapor mixing ratio (solid green) along with RH i (solid black) become evident a moment after the maximum in ice particle concentration is reached. R ice approaches ~1.9 μm, consistent with the ATTREX observations. In the present study, we focus our discussion on the largest value of ice concentration calculated under individual parameter conditions and regard it as the maximum ice concentration (N ice max ) by excluding the effects of sedimentation, mixing, and diffusion. The N ice max value thus calculated is a function of cooling rate (−Ṫ ), initial water vapor mixing , the initial water vapor mixing ratio is 6 ppmv, the radius of aerosol particles is 0.01 μm, and the accommodation coefficient is 0.3. Relative humidity over ice is plotted in solid black, pressure in dashed black, temperature in blue, water vapor mixing ratio in solid green, mean radius of nucleated ice particles in dashed green and ice concentration in red. r, whereas it shows a strong dependency on r in the upper right domain. The decreasing tendency of N ice max with respect to r at a constant cooling rate is due to the improved efficiency of water vapor uptake by aerosols with large nuclei (and thus large ice particles) corresponding to those distributed in the upper right domain of the diagram. Figure 3 indicates that the cooling rate necessary for the formation of TTL cirrus with a specific value of ice concentration is uniquely determined if the size of the aerosol particle is given. The required cooling rate is a few Kelvin per hour for the formation of TTL cirrus with an ice concentration of 10 4 L −1 if the radius of the aerosols is 0.1 μm or less.
Discussion
The cooling rate of 3 K h −1 , necessary for the formation of TTL cirrus with an ice concentration of 10 4 L −1 (Fig. 3) , corresponds to a horizontal temperature gradient of −0.08 K km −1 given the horizontal advection velocity of 10 m s −1 on the 365 K isentropic surface. The gradient thus derived is an order of magnitude greater than that typically observed in the TTL; i.e., −0.005 K km −1 (Holton and Gettelman 2001) . The conversion of the required cooling rate into the adiabatic ascent will lead to ~9 cm s −1 . This value is larger than the typical vertical velocity for synoptic-scale disturbances such as equatorial Kelvin waves known to be in the range of 0.2−4.0 cm s −1 (Jensen et al. 2010; Spichtinger and Krämer 2013) . In addition, the required cooling increases to 8 K h −1 (~20 cm s −1 ascent rate) when α d is 1.0 (upper boundary of hatching in Fig. 3 ), as has usually been assumed in previous studies (e.g., Jensen and Pfister 2004) . Even in this case, however, the required ascent rate (20 cm s −1 ) falls within the range of typical vertical velocities if we consider mesoscale disturbances such as gravity waves (Hoyle et al. 2005; Jensen et al. 2010) . Knowledge of the exact value of α d is necessary for further discussion of the atmospheric disturbances that could lead to the formation of TTL cirrus with a high ice concentration such as 10 4 L −1 . In the present study, we have discussed N ice max under the condition of monodisperse aerosol particles. Its dependency on r tends to be pronounced in the upper right domain as r becomes greater than ~0.5 μm (Fig. 3) . This result may suggest that N ice max could become lower if the air mass contains some larger aerosol particles, even if their concentration is low. In fact, our preliminary experiments show that N ice max decreases from 10 4 L −1 to 10 3 L −1 when 1% of the aerosol particles have a radius of 0.5 μm in the experiment shown in Fig. 1 . The strong influence of larger aerosols in such a small proportion is worthy of further investigation.
Concluding remarks
The present study identifies the cloud microphysical conditions necessary for the formation of TTL cirrus with ice concentration on the order of 10 4 L −1 by using a cloud microphysical model assuming homogeneous nucleation and monodisperse aerosol particles. The maximum ice concentration is expressed as a function of cooling rate, aerosol particle size, initial water vapor mixing ratio, and accommodation coefficient. A series of parameter sweep experiments reveals interesting dependency on these variables. The cooling rate necessary for the formation of TTL cirrus with ice concentration on the order of 10 4 L −1 under an initial water vapor mixing ratio of 6 ppmv is found to be a few Kelvin per hour when an accommodation coefficient of 0.3 is assumed. This result may not rule out the possible role of synoptic disturbances in the formation of TTL cirrus with an ice concentration of 10 4 L −1
. However, the uncertainty of α d must be reduced for further investigation of the generation mechanism. The interaction of coexisting aerosol particles with different sizes is particularly worthy of further study. 
